In this paper we present a novel formulation of chaotic hybrid inflation in supergravity. The model includes a waterfall field which spontaneously breaks a gauged U 1 (B − L) at a GUT scale. This allows for the possibility of future model building which includes the standard formulation of baryogenesis via leptogenesis with the waterfall field decaying into right-handed neutrinos. We have not considered the following issues in this short paper,i.e. supersymmetry breaking, dark matter or the gravitino or moduli problems. Our focus is on showing the compatibility of the present model with Planck, WMAP and Bicep2 data.
Introduction
The recent measurement of B modes by the Bicep2 collaboration [1] has generated great interest, since it is possibly the first direct measurement of quantum gravitational excitations resulting from a period of inflation in the early universe. The tensor to scalar ratio was measured to be r = 0.16
+0.06
−0.05 with r = 0 disfavored at 5.9 σ. Combined with the Planck plus WMAP measurement of scalar density perturbations for the ΛCDM model, 3.089 +0.024 −0.027 × 10 −10 [2] , gives a value of the inflaton potential density at inflation, V = (2.2 × 10 16 GeV) 4 r 0.2 . This value is tantalizingly close to the supersymmetric grand unified [SUSY GUT] scale to suggest some connection to SUSY GUTs. In this paper we combine chaotic inflation with a waterfall field which at the end of inflation spontaneously breaks a conserved gauged B − L symmetry, i.e. the first step towards a SUSY GUT. We refer to this as chaotic hybrid inflation, even though there is only one inflaton. Note, current hybrid inflation models are small field models which are inconsistent with the BICEP 2 measurement (see for example [3, 4] ). The parameters of our model need not be finely tuned to produce this behavior. Our model represents an existence proof for a class of such simple models. We also show how to incorporate leptogenesis in this analysis. Similar work in this direction which however does not include the waterfall field has recently appeared in the literature [5] , see also earlier papers on chaotic inflation in supergravity [6, 7, 8, 9, 10, 11] .
Model Building Checklist
In order to exhibit both chaotic inflation, and the activation of waterfall fields at the end of the inflationary trajectory, we require a model with the following properties:
• There must exist an inflation field, exhibiting a shift symmetry, which exhibits a slow roll from a trans-Plankian vev down to small field values.
• The inflaton must get a mass such that during inflation its energy density is the GUT scale.
• All other fields in the theory must not be tachyonic during the inflationary trajectory.
• Waterfall fields must exist in the model, and must exhibit positive quadratic potentials during inflation.
• As the inflaton field nears the end of its inflationary trajectory, the waterfall potential must exhibit a saddle point at zero field value and fall into a minimum with nonzero expectation value.
We also add some further requirements on potential models in order to avoid other observational pitfalls:
• Any field which couples to the inflaton must have a mass larger than the Hubble scale H, to avoid producing iso-curvature perturbations of the metric.
• Supersymmetry must be unbroken at the end of inflation.
In the next section we present a model with a quadratic potential for the inflaton field, Φ, and waterfall fields, S 1,2 . The waterfall fields have non-zero B − L charge.
The Inflaton Sector
The inflation sector of the model includes the inflaton field, Φ, the auxiliary fields, X, Y , and the B − L breaking fields, S 1 , S 2 , which are the waterfall fields associated with the end of inflation and reheating. The superpotential and Kahler potential for this sector is given by
and
(2) where V B−L is the B − L gauge superfield and the B − L charges of the fields S 1 , S 2 are +1, −1, respectively. 1 The scalar potential is then given by
1 The constant cY > 1/3 in the Kahler potential is necessary for the Y mass to be larger than the Hubble parameter during inflation, so that during inflation Y = 0, and aY is necessary for the potential to be bounded from below. The field X obtains mass during inflation proportional to Φ . In addition, by adding a quartic and sextic term in the Kahler potential for X it would also have a non-zero mass when Φ = 0 without changing any results of the theory.
where Φ I = {Φ, X, S 1,2 , · · · } and F Φ I ≡ ∂ Φ I W + (∂ Φ I K)W. The first two terms are the tree level supergravity potential and D term contribution with
where S is the dilaton field. The last term is a one loop correction which affects the vacuum energy and is negligible in our case. The complete superpotential and Kahler potentials are given by W = W I + W M SSM and K = K I + K M SSM where the minimal supersymmetric standard model [MSSM] contribution is discussed in the next section. This form of the superpotential for chaotic hybrid inflation is similar to that found in Ref. [11] . 2 Note, that the Kahler potential has a shift symmetry [9] with Φ → Φ+iC which allows Φ i ≡ Im(Φ) to be super-Planckian during inflation. Moreover the shift symmetry is softly broken in the superpotential. In addition, the mass of the waterfall fields are of order κ Φ during inflation. 3 Supersymmetry is broken with scalar mass eigenvalues, in the global SUSY limit, given by m 2
B−L and the fermion mass eigenvalue given
GeV, λ = 0.1, κ = 0.01 and m = 1.7 × 10 −5 M P l = 4 × 10 13 GeV in the following. 4 The fields S 1 , S 2 , X obtain mass proportional Φ i during inflation. Their minima are located at S 1 = S 2 = X = 0. The slow roll parameters, , η, are given by
. The number of e-foldings is then given by
2 Aside : an alternative form for the inflaton sector of the theory is given by
with λ ∼ 10 −5 and M ∼ M P l and Slow roll ends when either or η becomes of order one. We can calculate analytically the slow roll parameters along the trajectory with X = 0. We find , η ≤ 1 for Φ i ≥ 0.9M P l . Starting again at Φ i = Φ * = 15M P l we find N e = 57.8. Now we can calculate the cosmological observables, the tensor to scalar ratio r = 16 (Φ * ) = 0.14 and the spectral index, n S = 1 − 6 (Φ * ) + 2η(Φ * ) = 0.96. These are all consistent with Bicep2 [1] and Planck data [2] .
We have also checked to see how sensitive the results are to the initial conditions. We have numerically integrated the coupled field equations of motion for Φ i , X i (where X i ≡ Im(X)). In Figure 1 we plot the numerical solution to the equations of motion for the fields, Φ i , X i , obtained using Mathematica. The vertical (horizontal) axes are X i (Φ i ) starting with initial conditions at t = 0, Inflation ends when Φ i ≤ 0.7M P l and then Φ i , X i oscillate about Φ i = X i = 0. As they oscillate, the energy density in the Φ i , X i fields decrease as pressureless matter until Φ i ∼ v B−L , X i = 0 at which point the waterfall fields begin to oscillate around the supersymmetric vacuum state with
. See Fig. 2 and the next section for more details on the waterfall dynamics.
Coupling the Inflaton Sector to the MSSM Sector
The MSSM includes the following fields
where i = 1, 2, 3 is a family index. The B − L charges of the MSSM superfields are given by ν c , +1; e c , +1; , −1; q, +1/3;
We assume canonical Kahler potential for all MSSM fields, i.e.
The superpotential is given by
Following Buchmüller et al. [3] we can define S 1 = Se iT , S 2 = Se −iT . 6 The complex superfield T contains the Nambu-Goldstone boson of spontaneously broken U 1 (B −L). In the unitary gauge T is gauged away. Then the waterfall fields S ⊃ {s = 1 √ 2 (σ + iτ ), φ; ψ = (s,Φ)}, i.e. the scalar-Higgs and fermionic-Higgsino components respectively, decay into the left-handed anti-neutrinos, ν c i , via the interaction in the superpotential -
. The fields σ, τ are the scalar and pseudo-scalar components of s.
At the end of inflation with Φ i M P l the waterfall field S − develops a negative mass squared and begins to oscillate around the minimum of the potential with
with the first equality determined by the B − L D-term constraint. 7 In Figure 3 we plot the numerical solution to the equations of motion for the fields, Φ i , S r ≡ Re(S), obtained using . We can now describe reheating making full use of the analysis by Buchmüller et al. [3, 4] , since from this time forth the consequences of our model are identical to that described by these authors. 8 The waterfall fields continue to oscillate around the minimum as the universe expands. Initially, the Hubble parameter is much larger than the decay rate of the waterfall field, S. The U 1 (B − L) gauge sector has mass of order M G and rapidly decays. On the other hand the Higgs sector, S, is much lighter and decays much later. Reheating occurs at this latter time. When the Hubble parameter,
, becomes of order the decay rate into the lightest left-handed neutrino,
GeV, then S decays and the universe reheats to T RH ≈ (
GeV we obtain Γ σ ≈ 3.42 GeV and
Given a model of neutrino masses and mixing we could then calculate leptogenesis and the resulting baryon asymmetry (see for example, Refs. [12, 13, 14, 15, 3] ). Finally supersymmetry breaking can occur in a separate sector of the theory. For example, using the Kallosh-Linde SUSY breaking sector [16] the SUSY breaking minimum during inflation is stabilized while still having the gravitino mass of order the TeV scale. Cosmic strings, SUSY breaking, dark matter and a solution to the strong CP problem is beyond the scope of the present paper. Nevertheless, the hybrid chaotic inflationary model we present is easily generalized to supersymmetric Pati-Salam or an SO(10) GUT model (see for example, Refs. [17, 18] ).
Pati-Salam Generalization
Consider the following generalization of the above model to SU (4) C ×SU (2) L × SU (2) R gauge symmetry times Z R 4 discrete R symmetry. One family of quarks and leptons are found in the fields Q = (4, 2, 1,
ν c e c )}. The inflaton sector of the theory is unchanged. However, now the waterfall fields {S 1 , S 2 } are replaced by the fields {χ c = (4, 1,2, 0),χ c = (4, 1, 2, 0)}. The superpotential is given by
where the superfield, Σ = (6, 1, 1, 2), is needed to guarantee that the effective low energy theory below the PS breaking scale is just the MSSM. Note, with the given particle spectrum and Z R 4 charges, we have the following anomaly coefficients,
Thus the Z R 4 anomaly can, in principle, be canceled via the Green-Schwarz mechanism, as discussed in Ref. [19, 20] . Dynamical breaking of the Z R 4 symmetry would then preserve an exact R parity. At the end of inflation, χ c ,χ c obtain VEVs in the right-handed neutrino directions, spontaneously breaking
The superpotential is given by W I + W P S with
where Q i = (4, 2, 1, 1), Q c i = (4, 1,2, 1) with i = 1, 2, 3, a family index and H = (1, 2,2, 0). This superpotential leads to top-bottom-τ -ν τ Yukawa unification at the PS breaking scale. If we assume that the Pati-Salam symmetry is the 4D effective theory of an orbifold GUT in higher dimensions, then we also have approximate gauge coupling unification at the PS breaking scale. In a future paper we propose to write down a complete three family Pati-Salam model with a supersymmetry breaking sector (see, for example, Ref. [21] and subsequent analyses, Ref. [22, 23] ). In this theory we can then discuss leptogenesis and dark matter.
Summary
In this paper we have presented a novel formulation of chaotic hybrid inflation in a supergravity model with gauged U 1 (B − L). The present model is an excellent starting point for constructing SUSY GUT models of inflation, including leptogenesis via right-handed neutrino decays. We have not considered supersymmetry breaking and issues concerning dark matter, the gravitino or moduli problems in this paper. We save this for future model building. Our focus in this paper is proving the compatibility of this new formulation of chaotic, hybrid inflation with recent results from Planck, WMAP and Bicep2. We find the tensor to scalar ratio r = 0.163 (0.148) [0.136]) and the spectral index n S = 0.959 (0.963) [0.966] for N e = 50 (55) [60] . In addition the energy density of the inflaton field during inflation is given by [V (Φ * )] 1/4 = M GU T = 2 × 10 16 GeV. At the end of inflation the waterfall fields oscillate around their minima, spontaneously breaking gauged B − L. Finally reheating occurs when the waterfall fields decay into the lightest right-handed neutrino with an assumed mass of order 10 10 GeV, resulting in a reheat temperature, T RH , of order 10 9 GeV.
As a final note, this particular model has two issues which can be resolved without much work. When the U (1) B−L symmetry is broken by the waterfall field, cosmic strings will generically be produced. Cosmological problems with such cosmic strings can be suppressed by requiring v B−L ∼ 5 × 10 15 GeV [3] . The model as it stands also has kinetic mixing between the B-L and hypercharge gauge bosons. Both of these issues can be resolved by starting with the gauge symmetry SU (3) × SU (2) L × SU (2) R × U (1) B−L . With a waterfall field which breaks SU (2) R × U (1) B−L to U (1) Y at the end of inflation, both issues are resolved. There are no cosmic strings produced [24] and there is no kinetic mixing.
